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ABSTRACT 
 
The lack of references on nonlinearity issue faced in reconfigurable antennas has motivated the 
work described in this thesis. The nonlinear behaviour is caused by active switches introduced on 
the radiating structure of the reconfigurable antennas. Depending on the type of active switches 
deployed on the antenna, the nonlinearity could be severe, which could have serious implications 
for antenna operation. Thus, the issue of nonlinearity in reconfigurable antennas should not be 
ignored and nonlinearity measurements should be performed to ensure the nonlinear performance 
is within an acceptable level. A set of nonlinearity measurements has been identified and 
performed on the proposed reconfigurable PIFAs. Prototypes are presented with PIN diode and 
E-PHEMT switches. For the purpose of comparison, measurements were also made with the 
active switch replaced with a copper bridge for linear interconnection. The nonlinearity 
performance can be evaluated from the measurement values of third-order intermodulation 
distortion (IMD3) products, ratio of IMD3 products to carrier, IMD3 products asymmetry,                          
third-order input intercept point (IIP3) and 1-dB gain compression point (P1-dB). The 
measurements are performed when the antenna is transmitting signals. All measurements are 
performed on the state-of-the-art, 4-port ZVA67 Rohde & Schwarz VNA. Based on the 
nonlinearity measurements, it can be concluded that the presence of active switches has 
compromised the nonlinearity of the reconfigurable antennas. This is evident from the appearance 
of strong IMD3 products at the frequency of interest. In addition, the power-series-based 
approximation of 10 dB difference between the measured P1-dB and IIP3 is shown to be 
reasonable. Moreover, this work has demonstrated that the ratio of the IMD3 products to carrier 
does not vary significantly with radiation angles. 
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CHAPTER 1 
1.    INTRODUCTION 
 
1.1   Background  
 
The recent and continuing growth of wireless communication these days has inspired the design 
and production of multifunctional antennas that are able to cover the increasing number of 
wireless bands [1]. Second Generation (2G) as the first digital cellular standard used quad-band 
solutions while the Third Generation (3G) standard has already supported up to 8 frequency 
bands. Fourth Generation (4G) which is dominated by the need for global roaming and wider 
frequency bandwidth has introduced over 40 bands allocated to Long Term Evolution (LTE) 
applications.  
For this reason, attention has been diverted into reconfigurable multiband antennas. 
Reconfigurable antennas are realized by altering the current distributions on the radiating planes 
of the antennas or altering the current paths. This is being made possible by using radio frequency 
(RF) switches such as positive-intrinsic-negative (PIN) diodes or field-effect transistors (FETs) 
and other devices for instance, varactors, mechanically movable parts, phase shifters or 
attenuators [2].  
Solid state RF switches is a mature technology and steadily advancing. However, they still 
exhibit some degree of nonlinear behaviour under certain operating conditions at high 
frequencies which may cause signal distortion in the antenna systems. Signal distortion will cause 
an undesired change in an input signal waveform as the signal passes through the communication 
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network. This in return will introduce frequency components that do not exist in the input 
waveform. The nonlinear behaviour of a reconfigurable antenna can be described in terms of 
intermodulation distortion (IMD) products and gain compression. In the industry, Third 
Generation Partnership Project (3GPP) has determined the degree of RF switch linearity which is 
required to avoid an interference with other devices in mobile communication systems. This is 
done by specifying the third-order input intercept point (IIP3) [3] . 
Radio frequency microelectromechanical system (RF MEMS) switches, on the other hand, offer 
significant advantage in terms of linearity performance [4]. RF MEMS switches are well-known 
for their excellent linearity. This is due to the mechanical passive nature of the device. 
In general, reconfiguration mechanisms or control devices of reconfigurable antennas can be 
divided into four technologies [5]. They are solid state devices, electromechanical mechanisms, 
ferroic materials and fluidic reconfiguration. From these four technologies, solid state device 
technology is fully developed technology but still progressively advancing, while fluidic 
reconfiguration, at the extreme end, has not yet attained the level of maturity required to be 
applied on commercial antennas.  
1.2  Aim 
 
The aim of this project is to investigate the nonlinearity issues faced in active reconfigurable 
antennas. From the reviewed literature, references discussing linearity performance and 
nonlinearity measurements on reconfigurable antennas are still lacking. In addition, the related 
works that study the nonlinear behaviour of active devices mostly are being performed on other 
RF devices such as power amplifiers, filters and phase shifters but very few on reconfigurable 
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antennas. Furthermore, even though there are references found on nonlinearity measurements of 
reconfigurable antennas, majority of them are using varactors instead of active switches as 
discussed in Chapter 2.  
In order to successfully complete this research work, a careful study has been conducted to 
choose the most appropriate type of antenna and the suitable reconfiguration technology.          
The first step is to choose the type of switching involved whether an electronic, mechanical or 
optical switching. In terms of efficiency and reliability, electronic switching is frequently used as 
compared to others. The next step is to determine which antenna is widely used in wireless 
applications and have been the popular choice of reconfiguration capability.  
For this research work, two types of active switches were selected and each of them was 
implemented on a reconfigurable antenna. Theoretically, PIN diodes and E-PHEMT switches 
suffer from nonlinear behaviour at high frequencies and were chosen for nonlinearity 
measurements. For comparison purpose, reference antennas with copper bridges to replace the 
active switches were fabricated. The copper bridge serves as a linear interconnection. A 
comprehensive study on the nonlinear behaviour of the reconfigurable antennas was then 
conducted and in-depth analysis was performed to investigate the nonlinear properties of the 
active switches.  
1.3    Problem Statement 
 
Active switches are commonly applied on antennas to allow pattern, polarization and frequency 
reconfigurations. The switch selection is determined from three major considerations;                        
high isolation, low insertion loss and high linearity. Each new generation of cellular networks 
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required progressively higher linearity and was required to support the increasing number of 
frequency bands for wireless applications. Thus, RF front ends have become extremely complex 
from the stringent requirements to reduce intermodulation and cross modulation from one or 
more receiver and transmitter paths. In this environment, linearity performance of RF 
components with RF switches in particular, is becoming a crucial specification. Thus, there is a 
continuous research dedicated into improving the RF switch linearity in reconfigurable devices.  
The research work in this thesis will be devoted to switchable reconfigurable antennas. Solid state 
RF switches will be introduced to reconfigure the frequency of the antennas. From a linearity 
point of view, these active switches will behave in a nonlinear manner at high frequencies which 
can be measured from several nonlinearity parameters. Third-order intermodulation distortion 
(IMD3) products are crucial in nonlinearity measurements. From the output spectrum of a 
nonlinear circuit with two-tone input signals at f1 and f2, it can be observed that the IMD3 
products are located very close to the fundamental signals. The worst case will happen when the 
IMD3 products appear within the operating bandwidth of any particular antenna as this will cause 
distortion to the output signals of communication systems.  
However, there seems to be a reasonable gap in the open literature when it comes to addressing 
the issue of nonlinearity in reconfigurable antennas. Most of the available research papers are 
focussing on the linear characteristics of the reconfigurable antennas while neglecting the 
nonlinear characteristics. Therefore, based on the knowledge gap found from the literature, this 
research project will highlight the nonlinearity issues faced in reconfigurable antennas with active 
switches. In order to investigate the nonlinearity of the antennas, three experimental setups have 
been proposed. 
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1.4 Objectives 
 
The objectives of this research work are listed below: 
i. To design and fabricate frequency reconfigurable antennas for wireless communication 
applications by incorporating PIN diode and E-PHEMT switches within the frequency 
range from 1 to 6 GHz. 
ii. To design and fabricate a reference antenna using a copper bridge to replace the active 
switch for comparison purpose and to provide a highly linear reference design. 
iii. To conduct nonlinearity measurements on the reconfigurable and reference antennas in 
transmit mode and to provide a comprehensive study on the nonlinear behaviour of the 
antennas. 
1.5   Scope 
 
The research work focussed on reconfigurable antennas with active switches for wireless 
communication applications. Two types of active switches were used and they are listed as 
below: 
i. BAR50-02V PIN diode 
ii. ATF 54143 E-PHEMT switch 
At the same time, two PIFAs with copper bridges were fabricated to replace the switches. The 
copper bridge serves as a linear interconnection to provide a highly linear reference.  
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In order to achieve the objectives, a number of activities were planned and identified as outlined 
below: 
i. Investigate the characteristics of frequency reconfigurable antennas and various methods 
to implement them. 
ii. Select the type of frequency reconfigurable antenna for wireless applications. 
iii. Select the type of active switches to reconfigure the antenna. 
iv. Design and simulate the reconfigurable antennas with similar geometry and dimensions. 
v. Design and simulate the reference antennas with copper bridges. 
vi. Fabricate and measure the antennas to ensure small signal properties agree well. 
vii. Perform nonlinearity measurements on the antennas which are listed below: 
a. Investigate the experimental setups to measure the IMD3 products when the 
antenna is transmitting signals. 
b. Measure the ratio of the IMD3 products to carrier. 
c. Measure the input third-order intercept point (IIP3). 
d. Measure the 1-dB gain compression point (P1-dB). 
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1.6 Contribution to Knowledge 
 
The most significant contributions of this research work to the existing knowledge are outlined as 
follows: 
i. The nonlinearity measurements of reconfigurable PIFAs with active switches 
Two types of RF switches are used to reconfigure the frequencies of the reconfigurable PIFAs 
namely the BAR50-02V PIN diode and ATF 54143 E-PHEMT switch. Each type of switch is 
implemented on a PIFA with similar geometry and dimensions. The nonlinearity measurements 
are performed on these antennas in transmit mode to investigate their nonlinear characteristics. 
For linear comparisons, two antennas with copper bridges are fabricated to provide a highly 
linear interconnection to replace the active switches. Moreover, the nonlinearity performance of 
the reconfigurable antennas with PIN diode and E-PHEMT switches is compared for further 
investigation.  
ii. The 10 dB power-series-based approximation   
In this work, it has been shown that the difference between 1-dB gain compression point and IIP3 
is close to 10 dB as predicted by the power-series-based approximation. 
iii. The proposed reconfigurable PIFA with ATF 54143 E-PHEMT switch 
The use of E-PHEMT switch to reconfigure the frequencies of a PIFA in this work can be 
considered as the first work reported in the literature. Prior to the design and fabrication of 
reconfigurable PIFA with E-PHEMT switch, the Modelithic™ model of the transistor has been 
obtained from the manufacturer and was simulated in AWR Microwave Office (MWO) software 
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with a dedicated biasing circuit for the transistor to behave as a switch within the operating 
frequency from 1 to 6 GHz. 
iv. The IMD radiation patterns measurement 
There are no measurements of radiation patterns at IMD frequencies reported in the literature. 
The nonlinearity measurements performed in this work indicate that the ratio of IMD3 products 
to carrier does not vary significantly with radiation angles. 
1.7 Thesis Outline 
 
In Chapter 1, a brief introduction on active switches for antenna reconfiguration is presented. 
Depending on the technology used to manufacture the switch, these switches behave nonlinearly 
at high frequencies. Thus, a continuous research is required to improve linearity. The effort is in 
line with the evolution of cellular networks which require a huge number of frequency bands to 
support wireless applications. The underlying problems concerning the issue of nonlinearity in 
active reconfigurable antennas are also addressed.  
Chapter 2 describes cognitive radio (CR) and software defined radio (SDR) architectures with 
further justifications on the need of a reconfigurable antenna to be a part of the system. However, 
the inclusion of active switches to reconfigure the antenna has generated an interesting topic on 
the study of nonlinearity. Thus, nonlinearity measurements to evaluate the nonlinearity of 
reconfigurable antennas are identified and discussed. Previous works are also reviewed and 
summarized to establish the knowledge gap on the nonlinearity issue faced in reconfigurable 
antennas. 
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The next two chapters discuss the reconfigurable PIFA with PIN diode and E-PHEMT switches. 
The design, simulation and fabrication of the antennas are examined. For each type of active 
switch, a dedicated biasing circuit is proposed but the geometry and dimensions of the 
reconfigurable PIFA are similar.  
In Chapter 3, a preliminary study is conducted on the reconfigurable PIFA to study its switching 
capability. The work on reconfigurable PIFA with PIN diode is also presented. The first resonant 
frequency remains similar in both states of the PIN diode. Depending on the switching state of 
the PIN diode, the second resonant frequency can be switched to the upper and lower resonant 
frequency.  
In Chapter 4, the work on reconfigurable PIFA with E-PHEMT switch is discussed. Before the 
transistor can be used as a switch, two simulations are carried out to observe the performance of 
S11 and S21 of the transistor with its biasing circuit. In this case, a low insertion loss in the                     
ON state and a high isolation in the OFF state are required before the transistor can be used as a 
switch.  
For comparison purposes, two reference antennas with copper bridges are fabricated. Copper 
bridge is selected to replace the active switch as it provides a highly linear interconnection. The 
discussion can be read in Chapter 5. 
In Chapter 6, the methodology to perform the nonlinearity measurements on the reconfigurable 
PIFAs is discussed. The nonlinearity measurement results are also presented and analyzed. The 
comparisons are made between the reconfigurable PIFAs and reference antennas.    
Finally, Chapter 7 concludes the findings of this work and suggestions for future works.   
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CHAPTER 2 
2.      BACKGROUND AND LITERATURE REVIEW 
 
2.1    Introduction 
 
Software defined radio (SDR) and cognitive radio (CR) are two new concepts in wireless 
platforms which have greatly influenced the future antenna designs with varying degrees of 
reconfiguration and band tuning [6]. To begin with, CR is a wireless transponder which has the 
ability to sense the spectrum and changing system parameters such as frequency, transmitted 
power or standard, if required. SDR, on the other hand, is a technology that is necessary for a full 
implementation of CR [7].  
CR communication is predicted to be the new unconventional paradigm to enhance the 
performance of radio communication systems which is realized via efficient utilization of the 
radio spectrum. A cognitive communication system is an intelligent communication system 
which is capable of learning from its radio environment and adapting its operational parameters 
to sense the spectrum for reliable communication and efficient utilization of radio spectrum. 
Severe difficulties are expected in the implementation of CR from a system or network point of 
view and in the technology required to operate it. These can be attributed to the fact that the 
initial systems will have to operate in an environment populated by two groups of systems; those 
that are regulated and those that are allowed to operate as cognitive radios. Reconfigurable 
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antennas provide degree of freedom in system adaptation that can potentially help towards 
overcoming these difficulties.  
Future cognitive communication systems require reconfigurable antennas as the underlying 
hardware to have the capability to operate over a wide range of frequencies and over a multiple 
wireless standards [8]. The design of reconfigurable antennas should allow the operations in 
multiple and wideband frequency bands to cover multiple standards simultaneously. This 
requirement can be made possible by the implementation of switchable antennas which use active 
switches to sustain their operations. 
2.2      Software Defined Radio (SDR) Architecture 
 
Enormous possibilities offered by modern signal processing have enlightened the software radio 
concept.  From hardware point of view, SDR can be described as a system in which the majority 
of the functionality is defined by software algorithms. In the system, wideband antennas are 
connected directly to analogue-to-digital converters (ADC) and the digitized radio signal will 
then be processed [9]. Thus, the processor should contain all the processing which is done 
previously by analogue radio frequency (RF) and baseband circuits. The processor has a 
significant advantage of reconfiguration to the standard that the radio is using. This kind of 
flexibility seems to be necessary as more and more radios are being integrated to allow maximum 
connectivity in a single wireless platform. 
In another approach, an amplifier followed by ADC has been used at very low frequency (VLF) 
applications but this concept has not been realized at microwave frequencies due to a very large 
power required to drive the ADC. However, the enhancement has been made with an additional 
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low noise amplifier (LNA) and power amplifier (PA) which has resulted in a possible SDR 
architecture [10]. Figure 2.1 shows the possible architecture of SDR. 
 
Low 
Noise 
Amplifier
A/D 
Coverter
D/A 
Converter
Power 
Amplifier
T/R PROCESSOR
 
 
Figure 2.1: Possible software defined radio (SDR) architecture [10] 
 
CR further enhances the concept of SDR using a model-based reasoning in handset to provide a 
local control which greatly increases capacity with the advantage of spectrum pooling. The 
increasing number of wireless communication applications with a particular emphasis placed on a 
frequency range from 0.8 to 3 GHz has caused a significant spectrum congestion [11]. CR, on the 
other hand, should be able to access the frequency band from 30 MHz to 5.9 GHz. A typical 
block diagram of a CR can be seen in Figure 2.2. 
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Figure 2.2: Cognitive radio architecture [10] 
 
Wideband antennas in the transmitter and receiver have been implemented in the cognitive radio 
architecture in Figure 2.2. Wideband antennas can only produce coarse spectrum sensing while 
narrowband antennas can sense the spectrum accurately. Another disadvantage of wideband 
antennas is that they tend to be bigger than narrowband antennas which will be an issue in terms 
of portability in mobile handsets. This generates the need for substitution of wideband antennas 
with multiband or reconfigurable antennas which has greatly influenced the choice of antenna in 
this research work.  
2.3    Fixed Multiband Antenna 
 
Multiband antennas are those antennas which are able to operate at more than one band or service 
at the same time. It has been one of the most practical and affordable wireless module solutions. 
The term fixed can be referred to the operating frequency, radiation patterns and polarization that 
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are fixed depending on the applications and once the antenna has been fabricated and located in 
the system, the performance of the antenna remains unchangeable. 
Fixed multiband antennas normally require complicated filters with flexible requirements to 
improve their out-of-band noise rejection. These filters are bulky and obviously will add 
complexity to the communication systems. This is the drawback of fixed multiband antennas as 
the next generation devices requires smaller built-in antennas to follow the downsizing trend of 
the terminal unit but at the same time, are able to support the growing number of wireless 
frequency bands [12]. 
These problems can be solved with deployments of reconfigurable antennas. 
2.4    Reconfigurable Antenna 
 
Fixed multiband antennas can be realized in various communication systems and devices. 
However, they are still lacking in terms of flexibility to accommodate new services. Those 
requirements have motivated the evolution of fixed multiband antennas to reconfigurable 
antennas. Reconfigurable antennas have the capability to change their radiation topology within 
the same physical dimension which is attributed to their selectivity of frequency, radiation or 
polarization, and compact size [5]. In other words, reconfigurable antennas can alter their 
resonant frequencies, radiation patterns, or polarization states depending on applications and their 
surrounding environment [13]. Antenna reconfiguration capabilities are usually achieved by 
incorporating switches or tunable devices such as PIN diodes, FET switches, RF MEMS 
switches, variable capacitors or varactor diodes in the design stage of the antenna [14]. These will 
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enable the frequency response, radiation patterns, gain or the combination of various antenna 
parameters to be controlled. 
The main advantage of reconfigurable antennas is the ability to operate in multiple bands in 
which the total antenna volume can be reused [15]. This would greatly reduce the complexity but 
at the same time, increases the capability of the antenna system. As a result, a particular device 
that use a single compact antenna will allow reduction in its dimensions and this will provide 
more space to integrate other electronic components [16].  
A number of papers on the design of switchable reconfigurable antennas have been reviewed and 
they are summarized and compared in Table 2.1. 
Table 2.1: A review of switchable reconfigurable antennas  
Reference 
Antenna 
Type 
Number 
of Bands 
Number of 
Switch 
Frequency Band 
[17] PIFA 5 1 RF MEMS UTRA Bands of: 
Band I:  1901 – 2185 MHz 
Band II: 1849 – 2156 MHz 
Band III:  1840 – 2151 MHz 
Band V:   748 – 912 MHz 
Band VIII:  765 – 950 MHz 
[18] Slot-patch 3 3 PIN diodes 2.5 GHz (Bluetooth);  
3.5 GHz (WiMAX);  
5.8 GHz (WLAN) 
[19] Patch 1 2 PIN diodes 5.27 – 5.74 GHz 
[20] Slot-patch 4 2 PIN diodes 5.6 and 6.2 GHz (Dual-band) 
5 and 5.7 GHz (Dual-band) 
5 to 7 GHz (Wideband) 
[21] Slot-patch 1 2 PIN diodes 2.4 – 2.5 GHz (WLAN IEEE 
802/11 b/g) 
[22] Printed 
dipole 
1 2 PIN diodes 2.5 – 2.7 GHz (WiMAX) 
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From the table, there are two common traits of the reconfigurable antennas that may cause some 
problems and need to be addressed.  
Firstly, the multiple numbers of switches will enhance the features of the antennas. However, this 
will add complexity to the communication systems as the biasing circuits will be more 
complicated and interference between the electronic components might disrupt the output signals. 
Thus, the number of switches should be reduced. 
Secondly, the number of bands increases with the increase in the size of the antennas. However, 
the sizes of the devices are getting smaller these days while at the same time, must be able to 
support multiple wireless services. Thus, there is an urgency to reduce the size of the antennas. 
Table 2.2 further highlights the advantages of reconfigurable antennas [23]. 
Table 2.2: Comparison of antenna solutions for wireless mobile platforms  
Characteristic 
Multiple 
Antennas 
Multiband/Wideband 
Antennas 
Reconfigurable 
Antennas 
Usage Model Single-band 
antenna 
supports one 
frequency of 
wireless 
service 
One antenna supports all 
frequency bands of wireless 
service/module 
One antenna supports 
many wireless 
standards 
Space Requirement Multiple 
antennas 
require more 
spaces 
Reduced space but wide 
bandwidth deters 
miniaturization efforts 
Minimal space 
requirement 
Front-end Complexity Loose filter 
specification, 
simple front-
end 
Many stringent filters 
required, introduce high 
insertion loss and cost 
Relaxed filter 
specifications but 
complex reconfigurable 
front end required 
Individual Radio 
Performance 
Excellent Good; lower receiver 
sensitivity due to insertion 
loss at front end 
Acceptable 
performance, additional 
loss introduced by 
switches 
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Radio Coexistence Little spacing 
between 
antennas, 
strong 
coupling 
between radios 
Poor out-of-band rejection, 
transmitted signal of other 
radio may cause noise 
jamming 
Degraded through 
simultaneous operation 
as antenna supports one 
service at a time 
Cost Increased 
number of 
cables 
contributes 
most of the 
cost 
High-cost stringent filters 
required at front end 
Cost of low loss, low 
power consumption RF 
MEMS switch is high. 
However, other options 
of cheaper switching 
devices are also 
available. 
 
2.5    Reconfigurable Performance Metrics 
 
Reconfigurable performance metrics can be classified into three overarching categories which are 
listed as below: 
i. Frequency reconfigurable 
ii. Radiation pattern reconfigurable  
iii. Polarization reconfigurable 
 
2.5.1 Frequency Reconfigurable 
 
Frequency reconfigurable antennas allow a single radio device to operate at multiple frequencies 
which is the advantage. Frequency reconfigurable antennas of this type are commonly applied to 
RF communication systems such as multiband mobile devices [24]. The frequency agility will 
include shifting or switching a resonant frequency, impedance bandwidth or facilitating 
multiband characteristics. The shape of the radiation patterns will remain unchanged as the 
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frequencies are tuned or switched from one frequency to another. For instance, a switching 
method can be used to switch into multiple bands for mobile applications as can be seen in [20]. 
The concept of frequency reconfiguration in that work can be further illustrated from the 
reflection coefficient graphs in Figure 2.3. From the figure, it can be seen that the reconfigurable 
antenna has the capability to shift from one frequency band to another depending on the states of 
the two PIN diodes. 
 
   
(a) (b) 
  
 
 
(c) 
 
Figure 2.3: Multiple frequency bands achieved in frequency reconfigurable antenna in [20] when 
two PIN diodes are switched; (a) OFF - ON   (b) ON - OFF   (c) ON - ON 
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2.5.2 Radiation Pattern Reconfigurable 
 
Radiation pattern reconfigurable antennas will enable changes in radiation pattern while 
maintaining the frequency bands based on the system requirements. As a result, the antennas can 
steer their radiation beams to different directions to enhance signal reception as can be seen in 
[25]. In this work, the radiation pattern will change depending on the current states of the two 
PIN diodes. This concept is explained further in Figure 2.4.  
x
y
z
Theta
Phi
 x
y
z
Phi
Theta
 
(a) (b) 
 
Figure 2.4: The radiation pattern in different states of PIN diodes in [25];                                                      
(a) Mode 1 (PIN diodes ON - OFF)   (b) Mode 2 (PIN diodes OFF - ON) 
 
2.5.3 Polarization Reconfigurable 
 
Polarization reconfigurable antennas have significant advantages at improving signals reception 
performance in severe multipath fading environments in Wireless Local Area Networks 
(WLAN), as a modulation scheme in Radio Frequency Identification (RFID) systems and at 
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increasing security complexity in military wireless systems [26]. In general, microstrip antennas 
are designed to operate in a single polarization mode such as linear or circular polarization (CP). 
In wireless communications, CP is more favorable since the antennas of the transmitter and 
receiver do not have to be aligned to be parallel with each other. CP antennas exhibit both right-
hand circular polarization (RHCP) and left-hand circular polarization (LHCP). In terms of 
implementation, a polarization reconfigurable antenna can be designed from a simple patch 
antenna. This can be performed by a proper design of the feed network and by adjusting the 
dimensions of the patch in such a way to excite two orthogonal modes with a phase difference of 
90°. Figure 2.5 shows a CP  reconfigurable antenna as proposed in [27]. The antenna employs 
two diagonal rectangular slots along two diagonals which are controlled by two pairs of PIN 
diodes. The antenna will radiate in RHCP mode when switches L are off and switches R are on. 
On the other hand, when switches L are on and switches R are off, the antenna will radiate in 
LHCP mode. 
 
 
Figure 2.5: Polarization reconfigurable antenna [27] 
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2.6 Reconfiguration Mechanisms 
 
There are three reconfiguration mechanisms which can be applied to reconfigurable antenna 
systems depending on their specific applications [28] which are: 
i. Electronically controlled mechanism which is attached to the primary radiator. This 
includes any terminal-connected devices such as PIN diodes, RF MEMS, varactors and 
other terminal-connected components that require an applied electrical stimulus to 
facilitate reconfiguration. 
ii. Pressure-driven or optically controlled mechanism which is connected to the parasitic 
radiator. This encompasses any terminal-free devices such as photodiodes, microfluidic 
mechanisms and other devices that do not require direct electrical stimulus or contact to 
facilitate reconfiguration. 
iii. Dynamic material-based perturbation which includes similar technologies as in (i) and 
(ii) but it is embedded into the bulk or composite substrate and controlled both with and 
without a direct connection to the radiating and parasitic elements. 
2.7 Reconfiguration Technologies 
 
Reconfiguration mechanisms or control devices in the design of reconfigurable antenna systems 
can be further divided into four reconfiguration technologies. They are named as 
electromechanical, ferroic materials, solid state devices and fluidic reconfiguration [5]. 
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2.7.1 Electromechanical Devices 
 
Electromechanical devices can be very robust and can facilitate the operation of reconfigurable 
antennas. RF MEMS and RF NEMS have been used specifically in high frequency applications 
where loss mechanisms, electrical dimension, wave impedance and linearity are critical [29]. The 
small size of the electromechanical system is an attractive merit to incorporate switching and 
loading mechanisms in packaged configuration or as a mechanism that can be fabricated in situ or 
onto the antennas [30]. In addition, the small size will help to avoid unwanted transmission line 
effects or loading within the device and at the same time, can be used to create structurally 
reconfigurable electromechanical antenna systems where the moving parts act as the structural 
elements of the design [31].  
MEMS, NEMS and other electromechanical mechanisms are often interfaced with through wire 
bonds and terminals for biasing and control [32] . These terminals must be sufficiently isolated 
by means of packaged and electromechanical design in order for the topology to be ideally suited 
for switching, routing and other tasks in the RF front-end chain [28]. The RF front-end chain 
requires electrically conductive bias and control lines to effectively navigate to and around the 
terminals in a multilayer environment. However, there is a design challenge when the 
electromechanical switches are to be integrated into reconfigurable antennas in terms of isolation. 
In this case, the isolation from bias and control structure must be sufficient to avoid interference 
with the intended operation of that particular antenna through spurious radiation or reactive 
loading.  
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There are a few fabrication methods to integrate RF MEMS and NEMS devices into the antenna 
structures which are discussed as follows: 
2.7.1.1 Packaged RF MEMS and NEMS 
 
Packaged RF MEMS and NEMS can be utilized in reconfigurable antenna designs as switching 
mechanisms or tunable discrete elements such as variable inductors and capacitors (varactors) 
[33]. RF MEMS and related micro or nano–scale components are sealed or packaged in these 
structures to protect the movable part from exposure to environmental parameters such as 
moisture and dust while at the same time, to provide physical protection from damage during 
handling or normal operation [34]. In addition, using a packaged unit makes it attractive for 
integration into platforms using rapid pick-and-place methods for mass fabrication. Two 
examples that demonstrate the implementation of packaged RF MEMS switches in 
reconfigurable antenna structures can be found in [35] and [36]. 
2.7.1.2 In Situ Fabricated RF MEMS and NEMS 
 
This method is implemented by fabricating RF MEMS and NEMS onto or within the antenna 
structure which is a direct method for the integration of reconfiguration mechanisms into the 
antenna design. However, fabrication of these devices directly onto the antenna will give rise to 
undesired interaction with the packaging or hermetic sealing and loading from wire bonding. 
Thus, the challenge lies in providing bias signal and control to the antennas. The ability to 
provide biasing directly through these structures in a non-terminal configuration will create many 
opportunities. Previous works are exemplified in [37], [38] and [39]. 
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2.7.1.3 Structurally Reconfigurable Electromechanical Systems 
 
This method consists of a wide range of technologies which includes micro-machined Vee 
antenna [40]. However, material-based techniques using electroactive and shape-memory 
materials is the emerging technology which provides unique solutions and alternatives to 
electromechanical reconfiguration technology driven by electrostatic actuation of metallic 
elements. The material-based techniques will have the ability to transduce an electrical stimulus 
into a physical movement or displacement through their structure-property relations which serve 
as an advantage in providing continuous reconfigurability instead of a discrete set of 
reconfigurable states. Pattern reconfigurable antennas using electroactive polymer (EAP) 
actuators have been reported in [41, 42]. Two different types of EAP actuators have been applied 
in each of those works which are ionic and dielectric EAPs. Helical shape memory alloy (SMA) 
has been implemented in the design of an axial-mode pattern reconfigurable helix antenna [43].  
2.7.2 Ferroic Materials 
 
The ferroic term comes from the combination of ferroelectric and ferromagnetic. Ferroic 
materials have the special feature to alter the dielectric, magnetic and conductive material 
properties both locally and across an entire antenna structure or aperture. These materials have 
also shown the same capability to provide continuous tunability similar to the electroactive 
materials but do not make structural changes beyond changes to their crystallographic 
morphology when biased [44]. Barium Strontium Titanate (BST) is one example of ferroelectric 
material which has seen the application in tunable antennas due to high tunability, high dielectric 
constant, relatively low loss and fast switching speed as observed in [16, 45, 46].  
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